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s ABSTRACT

{ i ~

i An implicit numerical aodel for twd-dimsnsional hydrody-
2 namic flow in coastal seas by Leendertse (1967), as modif:ied
e by Hart (1976), was applied to Montarey Bay. The model was
ﬂ tested against available water-levsl and curreat observa-

3 tions. The rasponses of Monterey Bay to tidal forcing and
2 steady-state winds wvere simulated. Under tidal forcing i:
- vas found to provide reasonable estimates of sea-surface

:ﬂ e.evations. Currents were not well prasdic+ed, indicating

f% that other mechanisas such as wind, density stratification,
ko and oceanic currents generally dominatae the forcing of the
o circulation in Monterey Bay. The m>del in its present form
3 was found to be potentially suitabls for providing real-time
.P' . * 3 . ]

> tide correctors 3during a hydrographic survey, achieving an
b RMS error of 4.5 cm in predicting ssa-surface 2levations,
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L I. IBIBODUCTION

?'

3 A. PURPOSE

™~ This study grew out of a desire to extend tidal data
=

= cbserved at a few locations to the 2ntire area of a hydro-
}S graphic survcy. With sea-surface alavatiors modeled ¢ -=r

the vhole field, survey depths may be corrected autom i-
cally by subtracting realistic values of the surface":
variation from datum at any point, at any time.

Tidal zoning to obtain sea-surface elevations is, -
present, a subjective affair requiring numerous water-level
stations to indicate the progress o2f a tidal wave into an
inlet. The pattern of propagation at points distant from
= the observing stations is inferred oanly qualitatively froa
’ bathysetry. <Correctors are determined by defining zomnes
graphically and cqaputing appropriate phase and amplitude
% adjustaents €r each zone to apply to tidal values observed
fﬁ at the reference stations. This procass dces not previde a
corntinuum of correctors. It requires subjective judgment
and considerable experience to achiave adequate results,
The analysis is typically performed well after the survey,
vhen it is +to0 late to use depth data corrected for observed
+ides to provide cross-checks on th2 positional accuracy of
vhe data. B2Errors that might have basn detected and
; corrected during the survey may pass unnoticed until an
'é; expensive return to the survey area or downward classifica-
E tion of the survey is necessary.

Use in the field of a two-dimensional, numserical model
for circulation and sea-surface elavation would alleviate

vy

:j“'

*hese difficulties. Such a model must be simple and flex-
ible if it is to be applisd in real or near-real time on
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field-type microprocessors. In coastal seas and inlets, it
shculd be abla to provide sufficiently accura%e surfacse
elevations.

To test this concept, the two-dimsnsional, hydrodynamic
model of Leendertse (1967), as modified by Hart (1976) and
during this study, was applied to Montsrey Bay. The model
had previously besn used with some success in shallow
coastal seas and estuaries, but not in an area with such a
dominant bathymetric feature as the Monterey canyon.
Although no attempt was made to compar2 this model %o any of
the broad spectrum of models in us2 throughout the oceano-
graphic and oastal-engineering communities [ Tracor, Inc.,
1971], its relative simplicity, =sase of implementation,
flaxibility, and accurate output are all iaportant to its
potential usefulness as a tidal zoning system during field
operations.

An additional purpose 5f this study is to incorpcrate
large-scale non-tidal forces into th2 model to explorz their
effects on tha circulation and sea-surface eleva*ion of a
coastal body >f water. Various invsstigators have
suggested, in fact, +hat “idal forcss ar=2 ovsrridden in
*heir effect on the circulation of Monterey Bay by the
influence of 2ffshore currents and atmospheric conditions.
The potential significanc2 of such factors, and the ability
©0 incorporat2 real-<ime observations of them into the
model, are also important to the mode.'s usefulness as a
~idal zoning systen.

B. HISTORY OF THE MODEL

The original versicn of the num2rical model used durirg
*his study was described by Leendertse (1967). His
"multiopera+tional" firite-differerces schesme, using both
implicit and axplicit ta2chnigques %o solve the sguations of

1
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fluid motion, provided advantages iz computaticnal stabilisy
and efficiency over the axplicit moi2ls then current [Hart,
1976 ]« In particular, the maodel ramains stable regardless
of the time step used; ir a relativaly deep embayment such
as Monterey Bay the investigator is not restricted to time
steps of the order of seconds as is common with explicit
models such as that used by Lazanoff (1971) in his study of
“he bay.

The model has been widely applied, both in small harbors
[Leendertse, 1967; Leendertse and Lu, 1975; Chiang and Lee,
1982 ] and in coastal seas [ Leendertsa, 1967; Har%, 1976;
Spaulding and Beauchamp, 1983]. 1In past applications,
length scales ranged to 290 km and j2pths ranged to 100 nm.
This study extends the model “0 a much deeper area with
prcnounced vertical rslief.

C. CIRCULATION STUDIES OF HMONTEREY BAY

Monterey Bay is a relatively large (16 by 42 km), nearly
- ) sysmetric embayment on th2a central coast of Califorria. 1Its
most notaktle bathymetric fe2ature is the Monter=sy canyon,
vhich curves into the bay from the s>uthwest, savering the
continental shelf. Within the bay proper, depths rise frem
750 a at the seaward end of the caanyon o an average 55 m on
the shelf.

The bay presents to *th2 Pacific Ocean one uninterrupted

I“rl"
R S I A

[y

iy
‘l ‘l

Iy

open boundary, some 36 km long. Consequantly, oceanic tides
and currents and offshore atmospheric sffects are primary
driving forces of circulation within the bay itself. Local
winds and seasonal river runoff may have some ecffects, espe-
cially in the shallower portions of the bay to the north and
scuth. The ra2lative importance of these various influences
is not well-understocd.
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Pigure 1.2 Bathymetry of Monterey Bay Viewed from Southwest.

Three oceanographic "seasons" f£or this portion of the
coast were first described by Skogsberg (1936). Fronm
Novesmber through Pebruacy the Davidson Current flows north-
ward along the coast in con junction with southerly or weak
northward winds and the onshore traasport of surface water,
From March through August a period of upwelling is accompa-
nied by the southward flowing California Curra2at, strong
northwest winds, and offshore transport of surface water.

In September and October the oceanic period is marked by
relative calm and an increase in surface tempera*tures.

All available data concerning circulation within the bay
proper vwere summarized and analyzed in 1973 as part of a
major oceanographic study [ Scott, 1973]. Normal circulation

14
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E vas fcund to be northward through the bay, with a small gyre
foraing in the southarn bight. A aore recent analysis by
Broenkow and Smethie (1978) also concluded that flow is
gererally northward, with water entaring primarily along the
axis cf the canycn and having a rasiience time of 2 %0 W
Y days during upwelling perisds. They also suggest that a
, volume of 109 a3 pumped into and out of +he bay by inwsc-nal
; tidal aixing may be responsible for the frequent preseac:2 of
8 cool, nutrient-rich waters at tne head of tha Monterey
Canyon near Moss Landing.

Most circulation studies of ths bay propar hava relied
y primarily on temperature and salinity data collected a*
g oceanographic stations. Although drift cards and similar
: devices have been used to map surface currents, long-term
current-meter observations have not been availables until the
3 last ten years. During predesign studies for sewer
outfalls, curr2nt meters waere depliloyed for periods of a year
Oor more near Santa Cruz [Brown and Caldwell, Inc., 1978],
' the Pajaro River [Environmental Research Ccnsultants, Inc.,
A 1976 ], and th2 Salinas River [ Enginsering-Science, Iac.,
1977]. 1In general, these studies suggest that *he ret flow
of water is northward along the coast, with some dspendence
on the lccal diurmnal wind.

Tidal forcing has not been exaainad clossly in any of
. the aforementioned studies. However, an 2xplicit numerical
. model was employed by Lazanoff (1971) to study *he *idal
circulation within the bay. Althouzh field observations
indicated that th2 primary driving force for circulation
derived from >ceanic currents, the tide~ and wind-driven
model did predict correct sea-surfice alevations and current
phases and directions for the short time pericds over which
it could be run. Current magnitudss appeared too large near
coastal loundaries.

[ ¢
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More recently Bretschneider (1980) analyzed the effacts
of various ocsanographic conditions on the sea-level changes
cbserved at Monterey. variations ia Jeostrophic currsnt
flow, atmospharic pressure, sea-surface temperature, and
meridional wind stress were shown to correspond to observed
variations in sea-surface elevation at Monterey.
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II. DESGRIPTION QF THE NUHERJICAL MODEL

A. HYDRODYNAMIC THEORY

The numerical model of Leendertsa (1967) re=lies on the
basic equations that describe conservation of momentum and
pa3s for incompressible fluid motion. 1In the Cartesian
cosrdinate system of the model, with x- and y-axes embeddad
in a horizontal f-plane tangent at the origin to the undis-
turbed sea surface (the datum) and with the z-axis oriented
upward, these wall-known aquations are:

Su Su Su Sdu _ 1 8p 2.1
3t + lls;+v3;+w3? ——DE‘FFX ( )
Sv v Sv ov. _ 18 2.2
Tt ORIyt T oty (2.2)
Sw Sw Sw SW__J_._G 2.3
R e R R (2.3
Su  Sv  Sw _ 2.4
3—’;-4'3?4-3—5 0 ( )
Th2 variables u, v, and w are components of velocity
parallel to the x-, y-, and z-axes raspectively, p is pres-

sure, and p is density. The applisd forces per uni+ mass \
(Pi) represent effects of the Earth's r-otation, the Earth's ‘
gravitaticn, viscous and turbulent stresses in the fluig,

and astronomical tides.
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These equations are simplified by making assumptions
appropriate to the examination of long-period forcing in a
two-dimensional, shallow field. Deo%ailed derivations may be
found in Leeniertse (1967) and Hart(1976). A more gen=2ral
dsvelopment of shallow water esquations may be found in
Csanady (1982) . The necessary assumptions are summarized in
the following paragraphs.

First, because a coastal se2a or estuary is generally
shallow relative to the horizontal scale of motion, the
vertical velocity is assumed small relative to the hori-
zontal velocities. Therefore, both convective-inertia terms
and rotational effects that involve the vertical velocity in
equations 2.1-2.3 may be neglected.

Second, the equations 2.1-2.4 are averaged to model
fluid motions with periods greater than those of short-
period turbulant amotioms.

Third, the hydrostatic approximation is made by analysis
of aguation 2.3. The vertical component of tha rotational
effect may be considered nagligible (of the order 10-2
cm/s2) and so may vertical stress-gradient effscts (103
cm/s2 according +o Csanady, 1982). Furthermore, since mean
vertical velocties are unlikely to be greacer than 10 cm/s,
over sufficiently long time periods (>103 s or 15 minutes)
the total vertical accelsration will be of similarly small
order. Neglecting for the moment tidal efZscts, an expres-
sion for prassurs may be obtained by integrating the
remaining terms over depth:

n
p = pa+gzo<Sz

(2.5)

In this expression, n is the sea-surface elevation and p, is
the atmosrheric pressure at the sea surface, both functions
of x and y. The gravitational accalera+ion, g, is assumed

constant and aqual ¢o its mear valu2 at the undisturbed sea
surface.
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Bquation 2.5 peraits coaputation of pressure gradients,
Sp/ 6x and Sp/dy, from horizontal gradients in sea-surface
elevation and density. Gradients in atmospharic pressaure
may be neglected since their effect is small relative to the
turbulent strass induced at the surfacs by the wind. 1In the
numerical model, tidal forcing is accomplished by generating
gradients of sea-surface elevation rather than by attempting
tc simulate directly the astronomical forces that cause tte
tides.

Pourth, the Boussinesy approximation is made, in which
the influence of vertical density variations is assumed to
be negligible. Por this to be true th2 area *+o be modeled
sust be vertically wvell-amixed, an assumption that is rno¢
generally applicable. Although the version of Leendertsas's
mcdel used in this study requires this assusption, some
compensation for density stratification might be made by I
scdifying the model +o integrate estimated values for the @
vertical density variation over the depth at each point to |
ottain the additional density-induced sea-surface slevation
(Csanady, 1982].

FPifth, ths mean viscous-shear stresses of the fluid are
assumed negligible, leavingy only the <turbulent stresses
(Reynolds strasses) at boundaries within and exterpal to the
fluid to be formulated. Of these, sharp density gradients
vithin the fluid are neglected as 1 source of stress.

Closed lateral boundaries are considera2d by applying the
ccastal boundary condition that veldcity into the boundary
is zer»., Two other boundaries are considered, the sea
surface and the bo+tcm, and algorithas for modeling stresses

on these btoundaries must prepared.
Six+h, since interior stresses r2sultiag from sharp
density boundaries are assumed negligible, equations 2.1 and
: 2.2 may be integrated vertically to provide implicit expres-
sions for horizontal velocities averaga2d over depth. {
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Applying the kinematic boundary coniition at the free
surface and at the bottom (assumed impermeable), eguation
2.4 may also be irtegrated vertically using the Leibnitz
rule of intsgration. Three equatiosns implicit in *hree
unknowns are then available for the vertically integrated,
hcrizontal velocities U and Vv and the free, sea-surface
elevation n:

.'
stals’s

2
Pa?

\4
%}:’ + ug V-gry— = -g g% - fU + (Fwy - FBy)/o(hm) (2.7)
Sn . § (h+n)U N S (h+n)v _ o (2.8)

st Sx Sy

In these equations £ is the Coriolis parameter, h is the
depth, Fwiis the surface friction stress dae to wind, and Pos
is the bottom friction stress. U and V are mean horizontal
velocities over the water column. This simplification
results in a two-dimensional model with which patterns of
circulation and sea-surface elevation may be quantitatively
determined.

Finally, since bottom stress depends on the fluid
velocity, a well-known quadratic mdo3del is assumed so that
the stress term may be incorporated directly into
Leendertse's coaputational scheme. Th2 formulation for
bcttom stress is:

«

S
]

LA

- 2,02\ .2 2.9
. Fox pgU (u2+v2) */c ( )

PRI - AR
« s+ 0 »-
RO

R
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F. = pgv(u3sv?)i/c? (2. 10)

By
The empirical Chezy coefficient, C, may be computed in any
of various ways and must be specified for the area *to be
modeled. '

B. STRUCTURE AND COMPONBNTS

A derivation 5f %he numerical asdel, a discussion of its
computational stability, and a prograa listing are given by
Leendertse (1967). Key features of the computational scheme
and the ccaputer program used during this study are
presented hera.

1. Computatjonal Scheae

In the numerical model, equations 2.6-2.8 are
approximated with a finite-differencing scheme extending
over two time levels, each a half time step. At the first
half time step, t+1/2, the velocity U (t+1/2) and the sea-
surface elevation n(t+1/2) are computad implicitly and the
velocity V(t+1/2) is ccmputed explicitly. At the second
half time step, t+1, the velocity V(t+1) and sea-surface
elevation n (t+1) are computed implicitly and U(t+1) is
cosputed explicitly.

Computations are spatially controlled by a uniform
grid of squaras laid over the f-plane (Figure 2.1). Depths
relative to the undisturbed sea surface, hare taken to be
pean lower low water (MLLW) , must bs supplied for the
corners of each square, values of horizontal velocity are
computed at the ceanters of the sides of each sguare, and
values of sea-surface elevation ars computed at the center
of each square. Wind-strass and bottom-frictior factors
sust be specified or computed at the centers of 2ach square.
This staggered-grid is basic to the spatial realization of
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, Pigure 2.1 Staggered Grid of the Numerical NModel.

Leendertse's finite-differancing scheme in that th2 mean
velocity into or out of sach squar2 is used to compute the j
change in sea level within., The grid also permits the
coastal constraint of zero transport parpendicular to
sea/land boundaries.

During the first half *ime step, implicit computa-
tions proceed row by row from left to right and explici+

e coaputaticns proceed columan by coluan from the bottom to the
éﬁ top of the grid. During the second half time step this

!! process is reversed, "centering”™ ths results in space as

S; ‘ vell as time.
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2. Compyter Progras .

The coaputer program used to> model Monterey Bay is a
modified version of a Portran program developed by Hart
(1976). It includes provisions for modeling wind stress,
steady flov at boundary points, and ovarflow at bourdary
points, none of which were available in Leendertse's orig-
inal listing. To increase the flexibility of the progranm,
additional modif ications have been made during this study.
These include:

e Introduction of date and time computations

to permit the program to search time-coded
files for data items required at each half

time step.

e Direct computation of bottoam-friction
factors from ar average bottom-type parameter
or from a grid of bottom types.

e Creation of an interactive subroutine to
start “he program by prompting the user for
parameters critical to each run.

e Output of time series of currents and
sea-surface alevation for up to nine points
in the m>del grid.

e FPurther modularization of the model's
functional components.

The core of the program is subroutine MODEL, which
contains the finite-differencing scheme of Leendertse.
Other subroutines serve auxiliary functions: Interactively
starting the run, acquiring both constant and time-dependent
data, specifying conditions at boundary points, specifying
numerical models for wind and bottom stress, and supplying

........
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results in various output formats. An outline of the

é progras is presented in Table I.
§
§ TABLE .
Components of the Numerical Model
5 MAKEGRID Gencrate depth ard computation-control grids.
., BAYMODEL Main program to control each run of the model.
- START Interactively input run-time parameters.
o DIMENS Input constant data for grid of arsa.
p FIND Locate water sections to be modeled.
s INVAL Ini+tialize variables sverywhere in grigd.
B INCURR Initialize currents as deSired.
MODEL Multioperational finjte-difference schenme.
g CHEZY Supply Chezy coefficiant at each grid point.
WIND Supply wind stress term at each_gfid point.
RESCLT Compute output values in desi-ed units.
i OPEN Specify sea-surface elavatrions at open bounds.
M STEADY Specify currents at opan bounds and rivers.
: QOVPLO Specify overflow curraants_at boundaries.
L OVFLD Specify overflow threshholds.
¥
: INTIDE 3et tjide from a time-coded file.
INWIND 352t wind from a time-cdded file.
HEADS JQutput headers for each outpu= file,
f PRINT OJutpuat results for desired times. _.
Y PLOT Output results needed for graphic display.
o SERIES Output results for spacific points.
<
PTGRID Utility grint of iaput _gridded 4data,.
. CALEND U0Utility for number of days in month.
< ADTIME O0tility to increment tima.
f BAYPLCT Provide graphic presentation of rasults
; ELEVCCMP Comrare elsvation seriass with observed data.
CURRCOMP Compare current series with observed data.

Some subroutines, such as JPEN, must be prepared
X specifically for the arsza to which thas model is applied,
3 while others, such as MODEL, should not be al=ered.
Bodularization of the program permits the aser +o readily

S EY)
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change the appropriate functions when adapting the medel to
different coastal areas (and computars).

C. USE AND ADAPTATION

When applying the numarical moial to a specific area,
certain requirements concarning input data and program modi-
fication must be met. These ara discussed below.

. Ipput Data Reguirements

Each tun 5f the numerical model requires specifica-
tion of start and end times, time-step length, and an
interval at wvhich results must be sutput. Por experimental
(as opposed t> operational) use, other things may be speci-
fied: Pcints at wkich series output is desired, the type of
output, and oaission of certain terms in the hydrodynamic
equations.

Input values that are uniqua to the area to be
modaeled and that do not change froa one run to the next must
also be supplied. These values ars most conveniently stored
in a separate file. They include:

e A location title and central latitude.
e Dimensions of the grid.
e Depths for each grid corner.

e Ccntrol numbers for each grid square
(land=0, water=1, overflow=2).

e A general bottom-friction parametar or a
bottom-type indicator for the center of each
grid square.

o Number of tide stations supplying data for
boundary conditions.

e Number of wind stations supplying Jata.
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Selection of the size of grid to be used is limited
by the size of the area t> be modeled and the available
virtual wmemory and CPU time of the somputexz. Since depths,
friction and wind factors, output data, and “wo half-time-
step values for each velocity component and the sea surface
elevation must be available for each grid squarz a* all
times, at least 12 arrays must be dimensioned according te¢
the grid size and survey area. Ths maximum dimensions of 80
by 80 used in this study requirsd close to 1 megabyte of
virtual computer memcry and approximately 0.5 s of CPU time
per time step on the IBM 3033 mainframe computer.

2. subroutine Modifications

Stresses at the bcttom and surface must be modeled
in the subroutines CHEZY and WIND. Since Leendertse?'s model
already assum2s a quadratic formulation for bottom friction,

v only the Chezy factor, C, need be providzd by the subroutine
Ei CHEZY; however, many empirical techaniques exist for
computing the factor, most of which rely on a description of

the bottom *type. The user may selact the =zechnique which
best applies.
ii Similarly, the user must program a wind-stress
’ formulaticn in the subroutine WIND. Values for wind speed
and direction are obtained from time-coded data sets using
< the subroutine INWIND.

Subroutines OPEN, STEADY, OVFLO, and OVFLD supply
time~varying values for sea-surface alavation, currents, and

overflow conditions at both open and closed boundary points
in the grid. In OPEN, 2n algoritha must be provided to
compute the variation of sea-surface elevation along the
open boundaries of the grid. The nacessary tidal amplitudes
are obtained from time-coded sets 5f data for established
tide stations, using subroutine INTIDE. STEADY permits
currents to b2 assigned to individual grid points,
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overriding +he computed currents. An initial current field
may be enterel using subroutine INCJRR. Finally, OVFLO and
OVFLD permit conditions of flooding to be ascertained and
modeled at grid points assigned ths control value 2.

When implsmernting the model on various computers
and for various purposes, modifications may be necessary in
the input/output subroutinas START, DIMENS, HEADS, PRINT,
PLOT, and SERIES. RESULT may also be modified to compute
additional quantities of interest, sucan as horizontal
transgorts.

3. Computer Iaplementation

For this study, the numerical modsl was implsmented
on an IBM 3033 mainframe computer at the Naval Postgraduate
School. Only a few minor lanquage changes were required
before the system's Fortran H compiler could be used on the
program originally supplied by Hart. Subsequent modifica-
tions were made and all jobs were run from remote terminals
under the Schyol's interactive «im2-sharing systen. |

The system made possible tha2 da2velopment of several
programs that facilitated preparation o5f data for input to
the model and production of graphic output. Especially
useful aaong these were: MAKEGRID, a program that genseratss
input depth and computation-contrcl grids from digital
bathymetric data already available for the area, simplifying
the otherwise laborious task of cr2ating a grid on chart
overlays; programs that generate pr2dicted tidal amplitudes

from constitusnts, or from data supplied ia the NOS Tide
Tables; and, ELEVCOMP and CURRCOMP, programs that plot
time-series ocutput frcm the model against observed data from
the same time period for verification of model accuracy.
Although the programs themselves may not be transferable to
other computers, supplying similar auxiliary software
together with the model (or even iacorpocrating the

27




algorithms into the model program) greatly enhances the
ready application of the model to other coastal areas.

Data necessary to runaning tha numerical model were
stored in computer files distinguished by type. All
constant, gridded data were stored in one file while time-
varying data were stored in separate files by type and year
(for example, MONTEREY TIDE76). 1In this way, a new file cf
input data did not have to be creatad for each run cf the
model. The sources and selection 5f input data are
discussed in sections 3.B and 3.C.
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ITI. APPLICATION OF THE NODEL IO MONTEREY BAY

A. VALIDITY OF ASSUMPTIONS

The applicability of the numerical model *o Mon“<erey Bay
vas checked by examining the assumptions outlined in section
2.A. The assumption of n2gligible vertical velocity was
confirmed for tidal forcing by noting that the maximum depth
of the area modeled is much less than the wavelsagth of the
semidiurnal tide (3 km << 7600 km). Other, horizontal,
forcing conditions of currents and wind were applied as
steady-state pheromena in the model. 1In addition, since
this study concems large-scale fluid motions over “ime
periods of 15 minutes or more, short-period turbulent
effects and vartical accelerations wera neglected: the
hydrostatic approximation holds.

Although Montsrey Bay is not vertically well-mixed
[Scott, 1973], in depths of a few hundred meters or less *he
difference in dynamic height between that of the assumed,
homogeneous density profile and that of a more typical
profile is less than 1 cm, which is negligible for thg
purpose cf this study. In depths of 1000 m or more, %the
effect is mor2 significant (several centimeters); however,
since such depths occur outsida th2 bay proper, the effect
of density stratification was ignersd and horizontal veloci-
ties were averaged over depth ¢o obtain a general picture cf
circulation in the bay.

B. CONSTANT INPOT

The numerical model was applied to three different grids
covering Monta2rey Bay (Figure 1.1 and Figures 3.1 - 3.3).
Grid A, a small-scale, 1- or 2-km grid, 80 by 80 km, was
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designed to permit the introduction of offshore, non-+tidal
currents as a steady forcing condition and to place the bay
far enough away from the three open boundariss to remove
their associated spurious =2ffects. Since this grid was
particularly vulnerable to numerical instabilities in the
model, two other grids were devisel. Grid B, a large-scale,
1-km grid, 23 by 50 km, covered ths bay and reduced the
nunber of open bcundaries to one. 3rid C, a 1-km grid, 40
by 72 km, covered both the bay and sufficient area to permit
offshore, non-tidal currents to be introduced. All grids
were skewed 209 east cf north to align the boundaries
perpendicular to the tidal forcing conditions. The dimen-
sional and constant da*a incorporat23 into these grids are
discussed belovw.

1. Iime and space Dimgnsions

A time step of one hour was chosen to permit assess-
ment of the model over periods of savaral days without
necessitating ex*2nsive us2 of CPU time. Normally the model
should run for 12-24 hours (one tidal cyclzs or more
depending on the tidal phase differsnces between warious
parts of the area) to establish realistic conditicns of
current and sea-surface elavation throughout the area ([ Hart,
1976 J. The one-hour interval provided a sufficient number
cf data values fcr ccmparison with hourly or half-hourly
observaticns of sea-surface elevation and currents.

Since computed values are 2ffs2t in the staggered-
grid scheme of the model, use of a relatively small grid
size in regions of steep bathymetric relief is important to
mcdel accuracy. With the constraint on array 3imensions in
mind, the smallest grid size possible (1 km2) was generally
selected tc permit the greatest spatial resolution for the
area of concern.
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Depth Contours for Grid A.
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2. PBathymetry apd Datus

Digital bathymetry was provided by the NOAA National
Geophysical Data Center, where depth data from past hydro-
graphic surveys are archived for most coastal arsas of the
United States. The depths were positioned by latitude and
longitude in 2 36-sec grid and were referenced to a mean-
lower-lovw-vatar (MLLW) datum.

ANQ NUEVO —

5t

F @ ]

Pigure 3.4 Locations of Bathymetric Data in Grid aA.

To computer-generate a grid of depths for the model,
th2 program MAKEGRID was prepar2d. The program first
projects the bathymetric data onto the grid coordinate
system (for example, grid A), which is a modified-transverse
Mercator projaction skewed about a specified origin
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(Pigure 3.4). Depths are then intarpolated at the corners
of each grid square.

Since depths are refereanced to MLLW and a straight-
forvard correction to mean sea level is not possible, the
datum for sea-surface elevations computed by the model was
takan to be MLLW. All input tidal amplitudes were likewise
referenced to MLLW.

Prom ¢the gridded depths a computation-control grid
was automatically generated by assigning 1's to all water
squares and 0's to all land squares (assigned dummy eleva-
tions in the lepth grid). Both grids could be altered if
necessary before their use in the model.

3. Bottom Priction

To model bottom stress, the 2mpirical Manning equa-
+ion for the Chezy coafficient, C, was used:

c = m+mOm (3.1)

The coefficient is a function of depth, h, instantaneous
sea~surface elevation,n , and the Manning fac%tor, M, vhich
describes bottoam roughness. M increases with bottom rough-
ness. Clean and straight natural river channels typically
require M=0.025 +5> 0.030 m/s, whils winding chanrels may
require M=0.033 ¢o as high a value as 3.15 m/s in very
veady, overgrown areas (p. 99, Henderson, 1966].

Although bottcom stresses may be modeled as a func-
tion of the bottom type or texture in 3ach grid square (thus
requiring input of a bot+om-type grid), this option was not
exarcised for Monterey Bay. Over thes large area covered,
the variation in depth from square to square is likely ¢to
have more influence than the relatively small varia+ions in
bottom roughness that occur in Montarey Bay. Pollowing
Spaulding and Beauchamp's study of a coastal sea (1983) and
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after some experimentation (section IV.A), a constant value
of 8=0.04 a/s vas used throughout thz bay.

C. TIME~-VARYING INPOUT

The forcing conditions of tide and wind were accessed
from time-codad files. Tidal amplitudes were applied only
along the open boundaries of the model, whereas wind stress
vas applied over the entire grid. The sources and applica-
tion cf these data are discussed in this section.

1. ZIpitial Gonditions

At the start of a run of th2 model, sea-surface
elevations were approximated by assigning a coastal tidal
amplitude at the starting time to 2very point in the grid.
The ¢tidal aaplitude at Monterey was ussd for this purpose.
This approximation is suitable for Yonterey Bay since the
narrov continental shelf and the absence of any barrier i
islands permit the tidal wave to propagate relatively
rapidly through the area.

A zerd> velocity was ipni+ially assigned to each grid
point, except for runs including an cffshore, non-tidal
current; in these cases, the steady-state current veloci*y
vas initially assigned to offshore yrid points.

2. Boupdary Ilidal Agplitudes

A major factor in the succassful application of the
nunerical model was the provision >f suitable tidal forcing
conditions along the open boundaries. Tidal amplitudes are
predicted in the NOS Tide Tables 1976 for four stations near
and within Monteray Bay: Ano Nuevo, Santa Cruz, Monterey,
and Carmel. Tidal-constituent amplitudes and phases are
available for Monterey and Moss Landing (Appendix A). Since

1963, continuous observations of water lavel have been made
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at Monterey. A two-year series of n2arly continuous obse:-
vations was made at Moss Landing from 1976 through 1977. To
obtain amplitudes along tha boundaries of the msdel grigd,

coastal values such as these must b2 extrapolated. 1

Several attempts have been made to formulate the
effects of continental shelves on the open-ocean tide
{Clarke and Battisti, 1980; Gill and Porter, 1980; Munk, e%
al., 1970]. Bacause of the narrow continental skelf and
bisecting canyon, Monterey Bay does not satisfy the assuap-
tions necessary to apply these formulations. However, to
gain somé insight into the effect of the extreme depth
difference between the tide station at Monterey and the
of£shore boundary points of the moi=2l, a coamparison was made
between tidal constituents obtained at Monterey ard at a
pressure gage located in 3903 m of water offshore )
[Cartwright, 2t al., 1979]. The results are presented in
Table II.

The cdastal and pelagic phases clearly do not corre-
spond since tha pelagic gage was located at scme distance
from Monterey (see Figure 1.1), but the agresaent of the
amplitudes suggests that the aforementionsd depth difference
has little effact. In the absence of any more certain
method for extrapolating tidal amplitudes, the values at the
coastal station were applied directly along a line of
constant phase extending out from shore.

Examination of cotidal/cophase charts by Munk, et
ali. (1970), “her and Wuasch (1975), and Parks and
Henderschott (1980) , suggests that, in the vicini*ty of
Monterey Bay, the tidal wave propagates nearly parallel to
the coast. The model grids were, therefore, skewed in such
a way that the open bcundaries wera perpendicular or
parallel to the coast. At each time step the forcing ampli-
tude was made to vary directly with the tide at Monterey all
along the southern boundary, with the +ide at Ano Nuevo all
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TABLE II
Comparison of Pelagic and Coastal Tidal Constituents
ﬂontere; Pelaaic
36936 389Q9°*'N
121953%§ 124954 %
8 a 3903 m
4 (cm)
M2 50 55
S2 13 13
N2 1 13
K2 4 -
K1 37 43
ot 23 28
pt 12 --
Q1 4 -
k (°)
y2 297 66
s2 296 84
N2 272 30
K2 288 -
K1 98 334
ot 81 321
pt 93 --
QI. 73 -

along the northern boundary, and with linearly interpclated
values between the two along the wa2stern boundary.

The tidal values used to s2t the boundary condi+ions
may be interpolated from the NOS Tiiz Tables 1976, computad
from constituents [ Schureman, 1940], or taken directly from
observed data. The last was preferr 'l since the first two
predictive techniguaes cannot take intr account atmospheri-
cally forced or anomalous changes ian se» level, such as
stora surge. Howaver, as mentioned previctsly, observations
were available only at Monterey and Moss Landing. Some
experimentation was necessary to model the phasa lags
between Montersy, Santa Cruz, and Ano N¥ueve (section IV.h).
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3. Boundagy currents

Two types of flow may be imposed at the boundaries
of the numerical model. Pirst, the discharge of rivers
along otherwise closed boundaries may be represented as a
vertically averaged current velocity assigned to the appro-
priate coastal grid point during each time step. The mean
annual discharge of all major streaas and vtivers 2ntering
Monterey Bay is 1.85 x 106 m3/day [Broenkow and Smethie,
1978 J, vhich amounts to a vertically averaged current
velocity of only 0.2 cm/s were all rivars to enter at ore
point. As a result, the river inflow was judged negligible
; for this application.

A second type of flow, currents due to non-tijal
- effects, may ba imposed in offshors regions of the nodel.

The narrowness of the continental shelf near Monterey Bay

leaves “he bay particularly open %o forcing by large-scale

oceanic currents. Previous studies of the area suggest that

such currents are an important forcs driving the circulation

g3 of the bay [lLazanoff, 1971; Garcia, 1971; Bretschneider,

ﬁ 1982]. The oresence of an offshore current was simulated by

o assigning initial velocities to the offshore portion of
grids A and C for some runs of the aodel. The convective-
inertia %‘erms in the numerical modsl propagate the current

; influence into the inshors portions of the grid. A north-

- vard current 2f 25 cm/s (0.5 knots) was assigned. This

va_ue was proposed by Scott (1973) as a simple, steady-state

model for the offshore circulation.

4., Wind

Wind stress, Pi' was parameterized within the numer-
ical model by the familiar quadratic law [ Dronkers, 1964]:
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F, = (2.6x10'3)paw]w|/p(h+n) (3.2)

W represents the wind velocity vector, P, is atmospheric
pressure, p is th2 mean density of the water, h is the
depth, and n is the ¢ims-varying s=2a~-surface elevation. The
model permits input of wind direction and amplitude as a
forcing condition over the whole field of the grid for a
specified ranje of +time steps. Moatanly distributions of
wind at Santa Cruz and Moss Landing for the period May,
1976, through May, 1977, were obtained from the Santa Cruz
Wastewater Facilities Planning Study [Brown and Caldwell,
Inc., 1978]. Avarage and maximum values for the wind were

applied to some runs of th2 model (se=2 section IV.B).

D. DATA POR COMPARISON

The numerical model was calibrated by comparing modeled
sea-surface elevations and current vslocities at specific
grid points with observed values at the same locations. The
comparison process wvas limited by a paucity of suitable,
long-term water-1level and curcent-m2t2r observations for
Monterey Bay. Water-level data ares available only fer
National Ocean Service tide stations at Monterey and Moss
landing. The primary sources for cur-ent-meter data are
predesign stulies conducted for tha =2mplacement of sewage
outfalls near Santa Cruz, the Pajaro River, and the Salinas
River, but only data for Santa Cruz and the Salinas River
could be obtained. 1In some fortuitous instances, both
wvater-level and current-meter data were collected concur-
rently (Pigure 3.5). The period July-August 1976 yielded
sufficient data for comparisons at the two wa*er-level and
at three current-meter stations; their locations are plottéd
on each model grid (Figures 3.1 - 3.3).
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Mater-level Observations:

Monterey P22l ol il s
Moss Landing

Current-meter Observa s

Santa Crus 2 ]
Pajaro River =z
Salinas River

FPigure 3.5 Observing Periods for Comparison Data.

1. Bater-level Observations

Water-level observations have been made nearly
continuously since 1963 at NOS Tide Station 941-3450 on the
seaward end of Municipal Wharf 2 in Monterey. The float~
type tide gage is locatsd in 8.2 m of watsr. Recorded tinmes
are accurate to within 6 minutes ani heights are resolved to
3.0 cm ({Bretschneider, 1980 ). Digitized hourly heights for
the period 1%/8/73 to 3/2/83 were obtained from the National
Ocean Service, Tilal Datums Section N/OMS123. The heights
were correctel to MLLW and converted from feet to meters.

In addition.td> providing comparison data, these observations
vere used to determine boundary amplitudes for some runs of
the model.

At Moss lLanding water-level observations were made
for 20 months as part of the California Marine Boundary
Program [ National Ocean Survey, 1981]. NOS Tiie Station
94 1-3616 was a float-type tide gage located a* +the seaward
end of the Moss Landing Ocean Pier in 9.1 m of water.
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Digitized hourly heights were obtained for the entire period
;. 5/9/76 to 1,/10/78 and processed as £or the station at
La Monterey.

- 2. Curzent-meter Qbservations

As part of the Santa Cruz Wast2waters Pacilities
Piaaning Study, a currant-zeter statioca was located 1 mile
offshcre of Terrace Pcint in 30 m of water [Brown and
Caldwell, Inc., 1978]). Two AMF Vector Averaging meters were
installed at 9- and 15-m depths for the periods June to
November, 1976, and January to May, 1977. The only data
that could be obtained for comparison purposes covered July
and August, 1976, at the 15-m depth. The data included

iié 7.5-minute averages of current speed and direction,

by exodressed as a pair cf orthogonal valocity vectors.

K- Two current-metar stations wer2 occupied approxi-
5:3 mazely 1 nautical mile rorth aand south of the Salinas River

duzing oceanographic investigations for +<he #on%eray
Peninsula Watar Pollution Con=rol Agency
(Enginearing-Science, Inc., 1977]. At =ach station, two

ducted~-impellar-type metars wer2 installed at 9 ard 15 m for
the overall pericd Januacy, 1976, <> January, 1977. Current
speeds and direction vere averaged at 30-minute intervals
and expressed as a pair of orthogonal velocity vectors.
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IV. RBESULTS

A, COMPARISON OF MODEL RESULTS WITH OBSERVATIONS

Comparison of the model with observations was used both
to "fine tune,® or calibrate, the numerical model, and to
assess its general validity. The 2ffects of varying input
constants such as the size and resolution of the grid, the
time step, and the bottom-friction coefficients were consid-
erad. In addition, schemes for detarmining boundary tidal
amplitudes and for including non-tidal current fields were
tested in an affort to match observad elevaticns and
cu-rents as closely as possible.

Application of the model tc grii A revealed apparent
numerical instabilities that caused overflow in the coaputa-
tions after as few as 1.25 days (30 time steps). The sudden
oscillations in sea-surface elevation at Monterey were due
to propagation into the bay of a2xtrame amplitudes and
currents generated in the offshors portiom of the grid
(Figure 4.1). The overflow conditisn was unaffected by
changing the resolution of the grii from 2 %o 1 km, but was
very sensitive to changes in the phasing of the tidal ampli-
tules along the open boundaries. Under the premise that the
pr2sence of three open boundaries =2nhanced instabilities,
grid B (with one open boundary) and grid C (with two open
boundariaes) were subsequently used i1uring the comparison
process.

1. Sea-syrface Elevation Comparisons

A run of the model for twelve days a:t the one-hour
tize step produced scme agreement between modeled and
observed sea-sur face elavations at Yonterey and very good
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Pigure 4.1 Sea-surface Elevations at Monterey, Grid A.

agreement at 49ss Landing (Pigures 4.2 and 4.3). Varying
the2 Manning bottom-friction factor improved +this result
(Table 3.1 and Pigures 4.4 and 4.5).

TABLE III
Bffect of Various Manning PFactors

M (m/s) = .03 .04 .05 .06 .10
Monterey 7.4 6.8 6.3 5.8 4.8
Moss Landiag 4.6 4.5 4.4 4.3 4.9
Table values are the RMS errors in centimeters
for ccaparisons between modeled and observed

sea-surface elevations.
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The ssemingly unrealistic Manning factor of 0.10 a/s
may serve as a2 description of the bottom roughness over ths
large area of each arid square, if roughness is thought of
in terms of the steep slope that is otherwise not accounted
for in the model. The higher Manning factors 3id aot,
however, improve the results of current comparisons; they
served primarily to damp out noise.

o
I
~2 0 OBSERVED
3” .........
=
dst
=
Sal
o -
m [
< [=]
556
O
%S'.! ! RMS ERROR = 6.8 CM
o
T 1 1 ] L L 1 1 ] 1 )| 1 ]
10 n 12 13 14 -] 1% 7 18 19 20 21 22
JULY
1976

Pigure 4.2 Blevations at Nonterey, At=3600 s.

An oscillation that appeared forced by the time step
was evident in the modeled curves. It was especially
evident at Monterey and when a shorter, 15-minute time step
was used (Pigures 4.6 and 4.7).

The noise may be the result 5f applying observed
tidal aamspli+udes as the boundary forcing condition. The
ctserved wvater levels, digi*ized hourly, may include jumps
and/or contaminating frequencies dues to the recording
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Figure 4.3 Blevations at Moss Landing, At=3600 s.

irstruments. Linear interpolations required between the
hcurly amplitudes for each half time step may have'exagger-
ated the instrumental effects. To better judge the use of a
shorter time step, ravw water-level observations, usually
made at a 6-minute interval, should be applied to the model.
Spectral analysis of the modelad and observed
curves, in addition %o reflec+ting their general agreement,
reveals spurisus frequsncies generated by the model at
Monterey (Figqures 4.8 and 4.9). Tha incoherent frequencies,
vhich are als> found in the spectra for currents at Santa
Cruz (Figure 4.14), correspond to apparent periods of 3.0
ard 2.2 hours. These periods are longer than the 1-hour,
fundamental se2iche period for Montsrey Bay (Lynch, 1970 ].
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Pigure 4.4 Blevations at Monterey, 4=.10 m/s.
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Pigure 4.5 Elevations at Moss Landing, M=.10 a/s.
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Pigure 4.7 Blevations at Hoss Landing, A t=900 s.
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ENSEMBLE SPECTRAL DENSITY FUNCTIONS
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Pigure 4.8 Spectra, Blevations (SE) at Monterey.
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ENSEMBLE SPECTRAL DENSITY FUNCTIONS
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Pigure 4.9 Spectra, Blevations (SE) at Moss Landing.
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The phenomencn of time-step-linked oscillations has
besn experienced by other investigators [Chiang and Lee,
1982 ], vho found that genarating a mathematically samooth
function from the observed data provided more suitable
asplitudes for forcing the model. A smooth amplitude func-
tion was obtained in this study by summing the tidal
ccnstituents for Monterey. 2applyirg boundary conditions
based on these predicted tides gradually reduced the noise
inr the model (Pigure 4.10). Not surprisingly, however, *he
predicted elevations did not providas good agreement with the
observed water-levels.
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Pigure 4.10 Elevations Using Predicted Boundary Amplitudes.

The sansitivity of the modal *o open-boundary condi-
tions, already noted in the case of grid A, was demonstrated
by comparing results for different phase lags along the one
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bcundary of grid B (table IV). A constant auwplitude along
the boundary (no phase lag) was found to be most successful,
though the NOS Tide Tables 1976 predict that Monterey lags
Santa Cruz by 6 minutes.

TABLE IV
Bffect of Boundary Amplitude Phasing on Grid B

Phasing 6+ 0 6~
Monterey . 7.9 7.4 7.8
Moss Lainding 5.3 4.6 5.0

Table values are the RMS errors in centimeters.
Phasing is Monterey minus San*ta Cruz, in ainutes.

2. gcurrent Comparisons

The model-generated current values agreed poorly
with the 15-m depth observations at all three locations
vhere comparisone were made (Figurss 4.11-4,13). In making
the comparisons, current vectors from the model output and
from the cbserved records were resolved into eastwazd and
ncrthvard components, taking into ascount their respective
skaved coordinate systems. The modslad current components,
particularly near the Salinas River amouth, wers weak or
non-existent. Clearly, forces ip addition to tides were at
wecrk in generating the observed currents.

FPor the currents near Santa Cruz the apparent rough
ccrraspondence in frequency was confirmed somewhat by a
spectral analysis (FPigure 4.14). The gradual increase in
the northward coamponent of the modal2d current may reflect
lcng-period variations in the curreant field.
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In an 2ff5rt to obtain better current agreement ard
to see the effects of currents associated with the conti-
nental slope, a steady offshore current was applied to grid
C. The results near Santa Cruz wer2 poor; inherent osciila-
tions in the 30del were amplified anad agrecsment was not
imrproved. Th2 model's sensitivity to open-boundary condi-
tions made this a difficult subject to pursue within the
scope of this study.

B HODELED CIRCULATION OF MONTEREY BAY

Although the tidally forced numarical model did not
raproduce obsarved currents at the comparison locations, it
should nevertheless provids an estimata of the barotropic
tidal circulation of Monterey Bay. A general view of circu-
latory patterns my be obtained by 2xaminiag the modeled
sea-surface elevation and current fields for a 24-hour
period.

1. Tidally Forced Cirgulaiion

A tidally forced elevation-field seriess is presented
ia Appendixla. A small oscillatory structure in the
scuthern bight is consistent with the greater amplitude of
noise observei at Monterey. In other respects, *he eleva-
+*ion fields generally show a clear progression of the tidal
wave into the bay.

A series of current-field plots, including ths volu-
metric transpdrt associated with each vector, is presented
in Appendix C. A total volume of 2.0x109 m3 appears “o be

pumped across the boundary during :the diurnal tidal cycle.
This barctropic result may be contrasted with th2 109 a3
pumped by internal +idal mixing reportsd by Broenkow and
Smethie (1978).
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ENSEMBLE SPECTRAL DENSITY FUNCTIONS
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Figure 4. 14 Spectra of Curraents near Santa Cruz.
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The current flots show genarally weak (<5 cam/s)
tidal flow into and out of the bay, corresponding %o periods
of £flood and ebb. In the southera part of thea bay, a strong
east-west current (up t5> 30 cm/s) appears just north cf *khe
Monterey peninsula. This jet is consistart with the strorng

currents experienced by divers in «h2 area.t In thz northsarn
pazt of the bay, a brocader current (10 cm/s) flows along tha
depth contours.

Of especial intezest is a currant pattern that
develops betwean Ano Nuevo and Santa Cruz on current plots
made using grid A (Figure 4.15). The gyre, which +he model
pradicts to have speeds rangirg froa 2 to 10 ca/s, is
consistent with th2 observations of Carter and Kazmierczak
(1968) who not2d a closed circulatisn in the area with
similar sreeds.

2. Tidally Porced Circulatiop with Wipd

When an average wind of 3 m/s (7 mph) £rom <he
west-northwest was appliad over ths 2atire £i=1d of grid B,
the tidally forced circulation was unchanged. A maxinmum
wind of 10 ma/s (30 mph) £-om the west-northwest alsc
produced essentially unchanged circulatory patterns. A
12-day series of modeled elevations at Monterey and Moss
Landing under the same maximum wind yielded results nearly

identical %0 those without wind.

- o PED w e B s o wb =

1Per conversation wi«h Dr. E. C. Haderlie,
Oceanography, Naval Postgraduate Schooi, 9/27/8
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V. CONCLUSIONS

A. VALIDITY OF THE MODEL

The numerical model has been shown by comparison with

observations to provide reasonably accurate sea-surface
- elavations. Although the modeled current doss not account

= for the total observed current at somparison stations, it
hi probably accurately reflects the contribution due to the

i barotropic tide. Much of the remaiaing ohserved current may
Eﬁ represent response to diurnal wind stress, offshore non-

jj tidal currents, and/or forcing due to intarnal waves, %he
ﬁi last requiring a more complex, thr22-dimensional model for
= further investigation. Aapplication 5f observed winds on a
ﬁf tim2step~-by~timestep basis might b2 a fruitful avenue for

further investigation.

That numerical instabilities =2xist in the msdel has been
noted by various authors {Moe, 2t al., 1978; Benque, =t 2al.,
1982 ], who have propcsed some iaprovam=n+s in the model's
formulation. The flexibility and accuracy of the model
might be improved by further investigation of their
suggestions.

B. HYDROGRAPHIC SURVEY APPLICATIONS

A numerical model such as that iaplement2d by this study
can improve the procsess of correcting depths for changes in
sea-surface elevation during a hydrographic survey.
Advantages of the two-dimensional modzl over simple extrapo-
lative technigues or more complex, three-dimensional models
result from the model's relative siaplici+ty, flexibility,
ability to opsrate in a real-time data collection systen,
and ability t5> compute sea-surface 2lavations with suffi-
ciant accuracy.
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The tested model is a relatively simple FPORTRAN progranm
to implement and use, particularly with the interactive
modifications made during this study. + could be further
imp-oved in this respect by adding an interrupt/restart
routine to permit changes of constants, such as time step or
output frequency, during the courss o5f a single computer
run. The model is flexii.e, since it can be readily applied
to various coastal areas by means of the gridding software
developed during this study.

To isplemant the model on a microprocessosr during data
collection in the field, requires the availability of suffi-
cient vir+ual storage capacity and CPU time %o permit unim-
peded computations. The virtual storage required depends
upon the dimensicns cf the grid; a aor2 economical use of
arrays in the moda2l program can reduce the requirement. 1In
the real-time mode of operation, coaputations should immedi-
at2ly follow boundary-ampli tude updates at each half time
sta3p to make 2fficient use of CPU ¢ime. A% the conclusion
of each full ©im2 step tha resultiny, updated sea-surface
elevations are then promptly available.

The time step used depands upon the interval at which
water-level observations are available from one or more
loca+ions suitable for establishing boundary amplitudes. 1In
the real-time mode, presumably such data could be teleme-
tered *o the survey vessel at the stacdard tide gage
frequency of 6 minutes, peraitting a model time step of 12
minutes. Since updated elevations can only be available at
the conclusion of a time step (Figure 5.1), a 6-minute lag
exists that may bs removed only by post-survey processing.

Another factor in real-time operation cf the model is
*he start-up time required. The model should be calibrated
tc 9stablish the validity of friction models and boundary-
amplitude algorithas, preferably by comparing the output for
several tidal cycles with observed tides at a location in
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Figure 5.1 Time Step Lag During Real-time Model.

the interior of the survey area. If historical data are not
available, this could require several days of observation
and analysis prior to the survey.

The accuracy of the model in coaputing sea-surface
elavations from +«idal forcing alone has been estimated
during this study as 4-~8 ¢cm (1 RMS 2rror). Survey require-
ments are 30 < 9% 14 + 0.005h cm, whera o is the standard
error and h is the depth in centimaters {Mcbley, 1982]. The
depths at the tide gages in this study were about 8 m,
permitting a 30 2qual to 13.1 cm. This value vas attained
at Moss Landing (3 RMS 2rror = 12 ca) and, if the trouble-
some noise could be removed by post-survay processing of
water-level observaticns *o0 obtain a smooth tidal fcreing
function, i+ nay be generally attainable.

The model itself requires further jevelopment, both in
the application *to Mcnterey Bay and in general. Further
testing of the application to Montarey Bay should include
the introduction of time-varying wind and oceanic currants,
as well as forcing at a time step using tidal amplitudes
observed at a shorter interval than the t-hour interval usad
in this study. The model should also be applied to and
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quantitatively tested against other coastal configurations
and bathymetries to ensure that sufficient accuracy can be
consistently achieved.
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Tidal cycle for the following
2-hour time series.
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